ESR spectrum of the short-lived radicals derived from 2-deoxy-D-ribose by the reaction with the hydroxyl radical (HO  ) was measured using a rapid ‰ow method. A dielectric mixing resonator was used for the measurement, which made it possible to measure the highly sensitive ESR spectra of the radicals with a lifetime of the order of milliseconds. A complex spectrum was obtained and the spectral simulation was done to show that it was the superposition of the signals due toˆve radicals (I-V). Three of them were those formed by the dehydrogenation with the HO  at C-1 (I), C-3 (II), and C-4 (III) positions of the 2-deoxy-D-ribose molecule. The other two (IV and V) were carbonyl-conjugated radicals formed by the elimination of a water molecule from III and II. The results showed that dehydrogenation occurred randomly at the positions where hydroxyl groups are attached, but the most preferred position was C-3 and the radical position moved from C-3 to C-4 by the elimination of water molecule.
It is known that radiation-induced scission of DNA is mainly attributable to the hydroxyl radical (HO  ) formed by the decomposition of the surrounding water molecules. 1) We have shown that DNA scission was inhibited by tea catechins as a result that catechins scavenged the HO  .
2,3) Theˆrst event of this DNA scission is considered to be the dehydrogenation at the 3 or 5 position of the 2-deoxy-D-ribose residue, 4) but it still seems not to be conclusive. This is because not enough information has been collected about the DNA radicals formed at the initial stage of the scission. The lifetimes of these radicals are too short to measure the ESR spectra by the conventional method.
The ‰ow ESR method had been developed for such short-lived radicals, but when the usual cylindrical or rectangular cavities were used for the detection, [5] [6] [7] [8] [9] [10] they did not have enough sensitivity for measuring low concentrations of radicals and a large quantity of samples was required for the measurement, which were not appropriate for the study of biological substances impossible to collect in large amounts. Therefore, works on the 2-deoxy-D-ribose radicals had never been reported except for the one by Herak and Behrens, although the 2-deoxy-D-ribose radicals were prepared by the reaction with SO4
" in this experiment. 11) We used a dielectric mixing resonator in place of the conventional cavity, which made it possible to detect radicals with the lifetime of the order of milliseconds (named the rapid-‰ow ESR method), and tried to measure the ESR spectra of the 2-deoxy-D-ribose radical generated by the reaction with the HO  .
Materials and Methods

Materials. As a HO
 generating system, the reaction between Ti 3+ and H2O2 was used. The HO  is generated by the following reaction:
Ti 3+ ion is extremely unstable except for strongly acidic conditions, and is changed into Ti 4+ by dissolved oxygen, so TiCl 3 in diluted HCl solution, commercially available from Wako Pure Chemical Industries, Ltd., was used. 2-Deoxy-D-ribose was purchased from Tokyo Kasei Kogyo Co., Ltd. Other chemicals were of guaranteed grade. Two aqueous solutions were prepared: solution A contains TiCl 3 , H2SO4, and the reactant (2-deoxy-D-ribose, methanol et al.). Solution B contains H2O2 and H2SO4. These solutions were bubbled with N2 gas to evacuate the dissolved oxygen just before the use, and were sucked into 25-ml syringes.
Methods. These syringes were set on a syringe pump and the solutions ‰owed into the mixing cham- Fig. 1 . The distance between the outlet of the mixing chamber and the center of the resonator was 9.5 mm. The solution mixed in the chamber ‰owed into a thick capillary tube of i.d. 0.3 mm. Therefore, the time necessary to ‰ow from the outlet of the mixing chamber to the center of the resonator was one millisecond at the ‰ow rate of 30 ml W min of the total solution (The rate of each solution is one half of this value). This assures the ESR measurement of the radical with the lifetime of the order of a millisecond because the times of the formation of the HO  and of the disappearance of the radical formed from the reactant have time widths. ESR spectra were measured by a Bruker EMX spectrometer at room temperature with the following conditions. Frequency; 9.6512 GHz, Center eld; 344.0 mT, Sweep width; 12.0 mT, Modulation frequency; 100 kHz, Modulation width; 0.063 mT, Measuring point; 512, Conversion time; 41 ms, Sweep time; 21 s, Gain; 2.0×10 5 , Power; 8 mW. Spectral simulation was done using Simfonia software. 12) When methanol was added to solution A, singlet absorption was disappeared and a triplet spectrum of the intensity ratio of 1:2:1 was observed, the g value (2.003) and the hfsc (1.87 mT) were consistent with those of the hydroxymethyl radical, 5b) showing that the following reaction occurred.
Results and Discussion
The Fenton reaction (Fe 2+ +H2O2) is well known as a HO  generating system, but the singlet mentioned +H2O2 as a model system for studying the reaction between radiation-induced HO  and the reactants. Figure 4 shows the ESR spectrum when 2.5× 10 "1 M 2-deoxy-D-ribose was added to solution A. In this case, a complex spectrum was measured, suggesting that plural radicals were formed by the reaction with the HO  . Therefore, we tried to analyze it by spectral simulation.
The radicals derived from various sugars by the reaction with the HO  were measured using a ‰ow method, [6] [7] [8] [9] [10] and the following two important conclusions were obtained. 
We speculated on the 2-deoxy-D-ribose radicals formed by the reaction with the HO  , according to these two premises. It was thought that a free 2-deoxy-D-ribose molecule take a pyranose form in water, shown in Fig. 5 , nevertheless it takes a furanose ring when it exists as a constituent of DNA. Three radicals I, II, and III, formed by the dehydrogenation at C-1, C-3, and C-4 positions, are shown in the Figure. As the radicals II and III have a, bdihydroxy structure, elimination of a water molecule occurs and the radicals IV and V are formed from radicals III and II, respectively. Herak et al. reported that the ESR signals of radicals I, IV, and V were observed when 2-deoxy-D-ribose was reacted with SO4 " .
11)
It is important for the analysis of the ESR spectra of sugar-derived radicals to take into account that radicals as well as original sugars take various conformations containing chair conformations and the interconversion occurs between them. 2-Deoxy-Dribose was considered to take predominantly a chair form shown in Fig. 5 , where hydroxyl groups at C-1 and C-4 positions take an equatorial position and extend in the molecular plane. However, if the interconversion to another chair form occurs, these groups take an axial position. Boat form conformations are also possible, although they are more unstable than chair conformations from the energetic point of view. Therefore, it was better to consider that each substituting group including protons is ‰uc-tuating at a diŠerent rate between axial and equatorial positions. This interconversion induces a selective broadening on the width of each line of an ESR spectrum.
14) Figure 6 shows the eŠect of the interconversion of the methylene group of radical IV between two chair forms. The hyperˆne structure must be a double doublet on these critical structures. The spin and the conformational states of both protons 1 and 2 are also shown in the Figure and were attributed to each line of the spectrum. If the interconversion from chair 1 to 2 occurs without a change of the spin states, lines 2 and 3 must shift to the positions of 3 and 2, as shown in theˆgure by arrows. That is to say, these two lines change in feature from two sharp independent lines to a united single line, depending on the interconversion rate. On the contrary, lines 1 and 4 do not shift in position by this interconversion. When the rate is high enough, the spectrum must be a triplet, but, if the rate becomes low and approaches the fast exchange limit (¿5×10 8 Hz in this case), the broadening of the center line of the triplet occurs, depending on the rate. Herak reported that the interconversion rate of the b-methylene group of the radicals IV and V was ¿10 9 Hz and, as a result, the central line was broadened and went out of the observation. Such selective broadening was also observed for the radical formed by the dehydrogenation of a dioxane molecule. 14) Another type of selective broadening is shown in Fig. 7 . Considering the D-ribose radical formed by the dehydrogenation at C-3 position, two protons at C-2 and C-4 positions take the axial arrangement in chair form 1 and have almost the same hfsc values, apparently inducing a pseudo-triplet structure. However, if the interconversion from chair 1 to 2 occurs, these two protons change into the equatorial position simultaneously. This causes formation of another triplet structure with a diŠerent hfsc value (lower triplet). Therefore, the outer two lines shift position by the interconversion, although the central line does not move. If the interconversion rate is high enough, an averaged triplet will be observed. But, if the rate is lowered and comes in the intermediate range, the outer two lines broaden and, as a result, these lines are smeared out. However, the center line is not aŠected by this interconversion, so the broadening does not occur. Accordingly, the spectrum looks as if the unpaired electron did not interact with the two equivalent protons. Herak proposed a similar mechanism to explain the spectrum of the radical I, in which the splitting from the two methylene groups at b-and g-positions did not appear. 11) We thought that this situation also holds to explain the spectra of the radicals II and III, because the relative location between the unpaired electron and the methylene groups are almost same in these radicals. That is to say, two methylene groups do not split the lines in both spectra. However, the splitting due to an axial proton at the C-4 position is large in the case of radical II, and, therefore, a doublet signal might be observed as a whole in contrast to the case of radical I. Similarly, a doublet having a diŠerent hfsc due to an equatorial proton at C-3 position will be observed in the spectrum of radical III. Bottom spectrum is the superposition of the aboveˆve spectra by the intensity ratio shown in the Table 1 . The dotted one is the observed spectrum. Table 1 shows the hfsc values used for the simulation. The values of a-and b-protons are consistent with those reported for each conformation. However, the values of the g-proton or others (proton of the hydroxyl group) were only used toˆt the calculated to observed spectra and the assignment was not done. Figure 8 shows the simulated spectra of radicals I to V. In the simulation of the spectra of radicals I, II, and III, the coupling with two methylene groups were eliminated as mentioned above. On the other hand, additional line widths were given to the central lines in the spectra of radicals IV and V, the values being adjusted for betterˆtting. The bottom spectrum in this Figure is the superposition of the spectra from I to V by the intensity ratio shown in Table 1 . The dotted line is the observed one. Fairly good agreement was obtained on the peak positions, but a problem still remained with their intensity.
From these results and discussion, it was found that HO  attacked 2-deoxy-D-ribose and randomly induced dehydrogenation at C-1, C-3, and C-4 positions resulting in the formation of the radical. However, the degree of the dehydrogenation was diŠerent at each position and seemed to be most probable at C-3 position. Elimination of a water molecule occurred from the radicals with an a-, bdihydroxy structure.
It was shown that the rapid-‰ow method was useful to study the radicals formed by the reaction of the HO  with biological substances impossible to collect in large amounts.
